The Hanle-Zeeman redistribution matrix accounts for the intricately coupled correlations in frequency, angle, and polarization between the incoming and outgoing radiation and embodies the physics of the scattering process. We show explicitly for a J ¼ 0 ! 1 ! 0 scattering transition the equivalence between the Hanle-Zeeman redistribution matrix that is derived through quantum electrodynamics and the one derived through classical, time-dependent oscillator theory. This equivalence holds for all strengths and directions of the magnetic field. Several aspects of the Hanle-Zeeman redistribution matrix are illustrated, and explicit algebraic expressions are given, which are of practical use for the polarized line transfer computations. While the efficiency of the Hanle effect is usually confined to the line core, we show how elastic collisions can produce a ''wing Hanle effect'' as well under favorable conditions in the solar atmosphere.
INTRODUCTION
Information about magnetic fields on the Sun and stars can be obtained through spectropolarimetric observations interpreted with polarized radiative transfer theory. A key component of this theory is the proper treatment of the scattering process, which leads to a complex coupling described through redistribution of the radiation in frequency, angle, and polarization. A general formulation of this scattering theory is not yet available, although it is urgently needed for all magnetic field diagnostics that make use of spectral lines for which scattering plays a role. In the present series of papers we aim at laying a foundation for this theory, which is centered around the Hanle-Zeeman redistribution matrix that is valid for the general case of partial frequency redistribution (PRD) in the presence of magnetic fields of arbitrary strength and direction. The term ''Hanle-Zeeman'' indicates that all field strengths are covered, from the weak (in the ''Hanle regime'') to intermediate and strong (''Zeeman regime'') fields.
A quantum electrodynamic (QED) theory of Hanle-Zeeman redistribution matrices is developed in Bommier (1997a, 1997b, hereafter B97a and B97b, respectively) . The formulation presented in B97a and B97b includes the effects of PRD in line scattering for a two-level atom. In B97b the laboratory frame (LF ) expressions for the angle-dependent, as well as angle-averaged, PRD matrices are already presented (see also Bommier 1999 Bommier , 2003 . The theory begins with a perturbative development for the atom-radiation interaction. The PRD effects (through the well-known R II and R III LF redistribution functions of Hummer) appear in the fourth order. The perturbation development is then extended to infinite orders, leading to a series which when summed, converges to a result that agrees with the classical nonperturbative theory ( Bommier & Stenflo 1999, hereafter BS99) . The perturbation development of the atom-radiation interaction can be restricted to the second order in the case of complete frequency redistribution (CRD). Landi Degl'Innocenti & coworkers (see the book by Landi Degl'Innocenti & Landolfi 2004 and references cited therein) have developed such a CRD theory. Recently, a quantum mechanical approach to derive the Hanle-Zeeman phase matrix only for frequency-coherent scattering in the LF, in the presence of a uniform magnetic field and quadrupolar electric fields, has been presented in Yee Yee Oo et al. (2007) .
A classical theory of PRD in line scattering for the Hanle-Zeeman effect has been formulated by BS99. This nonperturbative theory, which is based on a time-dependent classical oscillator, describes the scattering process in a transparent way. The classical theory for Hanle-Zeeman scattering developed by Stenflo (1998) considered only coherent scattering in the LF. In BS99, the redistribution matrices were derived in the atomic rest frame. The corresponding LF redistribution matrices have been derived in the first paper of the present series by Sampoorna et al. (2007, hereafter Paper I) . The historical developments and the modern perspectives on the theory of PRD in light scattering on atoms, in the presence of magnetic fields, have been presented in Paper I. Hence, we do not repeat them here.
In the present paper we establish the equivalence between the classical and QED redistribution matrices for the triplet case. This equivalence is far from obvious, since the formalisms of the two theories are vastly different.
We start from the atomic frame expressions given in B97b and derive the corresponding LF expressions in x 2. The equivalence between the classical and QED redistribution matrices for the triplet case is established in x 3. In x 4 we numerically validate both the classical (see Paper I) and the QED expressions derived in x 2 by comparing them with the redistribution scattering diagrams (which we call hereafter PRD diagrams) presented in B97b. In x 5 we present Stokes I and the fractional polarization Q/I, U /I, and V /I for a singly scattered beam, which is incident on an atom immersed in a magnetic field of arbitrary strength. The dependence on field strength and the influence of elastic collisions on the frequency redistribution is examined. The paper ends with a brief summary with concluding remarks in x 6.
QUANTUM ELECTRODYNAMIC REDISTRIBUTION MATRIX IN THE LABORATORY FRAME
In order to establish the equivalence between classical and QED redistribution theories, we give an explicit analytic form of the LF QED redistribution matrices in terms of the magnetic redistribution functions introduced in Paper I. We start from equations (49) and (52) of B97b for R III and R II type matrices, respectively. For the simpler case of a triplet (J ¼ 0 ! J 0 ¼ 1), with an infinitely sharp lower level, the total redistribution matrix can be written as R ij ; n; 0 ; n 0 ; B ð Þ¼R II ij ; n;
where the (i; j)th element of the R II type matrix is given by
while the (i; j)th element of the R III type matrix is given by
In the above expressions g J 0 is the Landé factor of the upper level J 0 , À R is the radiative de-excitation rate, À I the inelastic collisional de-excitation rate, and À E the elastic collisional rate, which is related to the 2K-multipole destruction rate D (K) . The index K takes values 0, 1, and 2, while Q varies in the range ÀK Q þK. The irreducible spherical tensors for polarimetry T K Q (i; n) have been given by Landi Degl'Innocenti (1984, Appendix 1, eq. [A6] ). The generalized profile functions È et al. (1991) . The incoming and outgoing radiation frequencies in the atomic rest frame are given by 0 and , (2) We derive analytical expressions for the LF R II type redistribution matrix, starting from equation (2). The irreducible tensors T K Q (i; n) take a particularly simple form in a coordinate system in which the magnetic field is oriented along the polar axis Z 0 . It is preferable to work in such a coordinate system. We refer to it as the magnetic reference frame ( MRF). Figure 1 shows the scattering geometry in the MRF. The incoming ray n 0 is characterized by polar angles 0 and 0 with respect to MRF. Further to define the positive Stokes Q direction, we introduce two real unit vectors 3 and 4 in the plane perpendicular to n 0 , in such a way that 3 forms an angle 0 with the meridian plane that contains n 0 and the Z 0 -axis (see Landi Degl 'Innocenti 1983) . Similarly, the outgoing ray n is characterized by (; ; ). Following Landi Degl 'Innocenti & Landolfi (2004, hereafter LL04) we choose ¼ 0 ¼ 0, which means that the positive Stokes Q direction for both the incoming and scattered radiation coincide with the meridian plane of the MRF. Thus, in the MRF the irreducible tensors are given by (see LL04, p. 208)
where the elements t K P (i) are given in Table 5 .5 of LL04, D are rotation matrices, and R (0; À; À). The T K Q (i; n) in the MRF are also listed in LL04 (p. 211).
The generalized profile function at frequency of a line connecting the lower level J ¼ 0 to the upper level J 0 ¼ 1 is given by (see Landi Degl'Innocenti et al. 1991)
The profile function ( 1M 00 À ) is given by (see eq.
[2] of B97b)
where 0 is the line-center frequency and w ¼ (À R þ À I þ À E )/4. The frequency redistribution part appearing in equation (2) is still in the atomic rest frame (see eqs.
[5] and [6] ). It can be transformed to the LF as described in x 3.3 of B97b (or as described in x 2.2 of Paper I). In the LF we define
where is the scattered frequency in the LF and Á D the Doppler width. The damping parameter a is defined as
Thus, the function ( À 0 )( 1M 00 À ) in the atomic frame transforms to R
where Â is the scattering angle between the incident and scattered ray (see Fig. 2 ). The magnetic redistribution functions R q II;H and R q II;F (dropping the arguments for brevity) are defined in equations (21) and (22) of Paper I, with q ¼ ÀM taking values 0 and AE1. We denote the quantity
, after transforming it to the observer's frame, as È K 00 ; K 0 Q;II (x; x 0 ; Â), which we refer to as ''composite redistribution functions'' because they are a linear combination of the magnetic redistribution basis functions. Thus, the R II type redistribution matrix in the LF may be written as , and the outgoing ray n by (; ; ). The symbols 1 and 2 are unit vectors in a plane perpendicular to n, and 3 and 4 are corresponding unit vectors defined for n 0 .
Fig. 2.-Geometry showing the scattering process in a coordinate system where the magnetic field makes an angle # B with respect to the polar Z-axis, taken as perpendicular to the planar slab atmosphere, and has an azimuth of ' B . We refer to this coordinate system as the atmospheric reference frame (ARF). (# 0 ; ' 0 ) refer to the incident ray, and (#; ') to the scattered ray in the ARF. Â is the scattering angle. ( 0 ; 0 ) refer to the incident ray, and (; ) to the scattered ray in the MRF shown in Fig. 1 .
The composite redistribution functions of type II, namely, È 
where the Hanle À parameter is written as The analytical expressions for the LF R III are derived starting from equation (3). The derivation is carried out in the MRF (see Fig. 1 ) for simplicity. Again, the positive Stokes Q direction is defined by ¼ 0 ¼ 0. In equation (3), the product of two generalized profile functions appears. The generalized profile functions are calculated using equation (5). They are then transformed to the observer's frame, as described in x 3.3 of B97b (or as described in x 2.2 of Paper I).
We denote the product of two generalized profile functions È Thus, the R III type redistribution matrix in the LF may be written as
The composite redistribution functions of type III, namely, È
(dropping the arguments), are listed in Appendix A. In equation (12),
where
In this case, we obtain another set of Hanle angles, 
III ;
The expressions for c III 1À1 and s III 1À1 that appear in equation (19) are given in equations (A3) and (A4) of Paper I, also with 2 appearing there now replaced by (2) 2 . The various auxiliary coefficients and matrices appearing in equations (17)- (19) [46] of Paper I with II replaced by III ). The reason is that the branching ratios (that are phenomenologically imported from quantum theory) are not properly incorporated in the classical theory. The multipole index K on B (K) was wrongly identified as jq À q 0 j in Stenflo (1994, p. 213 ). In our recent paper (Paper I), the B (K) branching ratios are assumed to be indistinguishable (see eq.
[12] of Paper I). In other words, in Paper I we have employed
. This is not correct, since
, and in fact it is close to zero (since it relates to the inelastic collision rate, which is much smaller than the elastic collision rate that governs D
(1) and D (2) ). This fact, that D (K) is nonzero only for K ¼ 1 and 2 and is always close to zero for K ¼ 0, is also clearly stated in BS99. However, the index K is missing on symbol B in BS99 (see their eq.
[41]), where it should read B (K) . Thus, one has to distinguish between B (0) , B (1) , and B (2) . Therefore in Paper I, equation (45) and the first statement following equation (46) are valid only in the very restricted case of
namely, complete neglect of the depolarizing elastic collisions. In x 3 we show the correct way of including B (K) branching ratios in the classical theory and then establish the equivalence between the classical and quantum theories.
ANALYTIC EQUIVALENCE OF THE CLASSICAL AND QUANTUM EXPRESSIONS FOR THE REDISTRIBUTION MATRIX
In order to establish the equivalence between the classical and quantum expressions for the redistribution matrix, particularly in the case of R III type redistribution, we need to properly include the branching ratios B (K) into the classical theory. The only way to do this is to expand the redistribution matrix R as a sum of its multipole components R (K) (see eq. [5.137] of LL04 for the weak field case). Then we can properly assign the correct depolarization factor with D (K) (and thereby branching ratios B (K) ) to the corresponding R (K) components. This expansion of R in terms of multipole components is for a J ¼ 0 to 1 transition a matter of pure geometry. Therefore, the multipole expansion can be seen simply as an extension of the classical theory, not a takeover or borrowing from quantum mechanics. It is only the actual expressions for the branching ratios B (K) for the various multipoles that are phenomenologically imported from quantum mechanics.
The way to achieve the multipole expansion is to introduce the irreducible spherical tensors T K Q as described in the book by Landi Degl 'Innocenti & Landolfi (2004) into the classical formalism of Stenflo (1994, hereafter S94) for the weak field Hanle case and BS99 (see also Paper I) for the intermediate field Hanle-Zeeman case. In Appendix C we take the example of weak field and describe the procedure to include irreducible spherical tensors into the classical theory of S94.
We can extend the procedure described in Appendix C to the classical theory of BS99 (see also Paper I ) for the Hanle-Zeeman case. Substituting equation (C1) in equations (7) and (8) of BS99, we get
where r q (t; 0 ) is the time-dependent solution of the classical oscillator (see eqs.
[1] and [31] of Paper I) and E 0 q;0 is the amplitude of the qth spherical component of the incoming monochromatic plane wave. Now the elements of the coherency matrix may be written in the atomic frame as
Following BS99 and Paper I, we replace the term in the first square brackets by hr qr Ã q 0 i, and using the reducible tensor E S0 defined in equation (C6), we may rewrite equation (22) as
The expression for hr qr Ã q 0 i in the atomic frame and LF is given in equations (5) and (36) of Paper I, respectively. Following the procedure described in Appendix C, we may obtain an expression for the Hanle-Zeeman redistribution matrix in terms of irreducible spherical tensors. The total redistribution matrix is then given by equation (1), with the type II and type III redistribution in the atomic frame given respectively by
where A and B are branching ratios (see eqs.
[11] and [12] of Paper I). The classical Hanle angles Q and Q with Q ¼ q À q 0 appearing in the above equations are defined in equations (6) and (7) of Paper I. In addition, the generalized profile function È We first consider the redistribution of type III in order to show the equivalence between the classical and QED expressions (of B97b). To achieve this we need to carry out the multipole expansion of the classical generalized profile function. This is done as explained below.
The classical generalized profile function È þ c0 () introduced in BS99 may be written as (see eq.
[8] of Paper I)
with the profile function given by
We note that the above equation is also given in equations (9) and (10) of Paper I, although equation (9) contains a factor of 2 extra due to a typographical error. Comparing equations (27) and (6), we see that M ¼ Àq, and
The above equation gives the relation between the profile functions defined in BS99 and B97b. Using equations (26) and (28), we may rewrite the term in the bottom square brackets of equation (25), as
Now replacing Àq by M and Àq 0 by M 0 , as well as Q by ÀQ (since Q ¼ q À q 0 ), in the above equation we obtain
where we have made use of properties of 3-j symbols that involve sign changes and permutations. Equation (22) of B97b, for the particular case of a triplet (0 ! 1 ! 0 transition), may be written as
Comparing equation (30) with the right-hand side of equation (31), we see that they are the same. Hence, equation (25) may be rewritten as (remembering that we have to change Q to ÀQ, see the sentence following eq.
[29])
Thus, the multipole index K now properly gets assigned to the classical branching ratio B. Note that the multipole index K is included in the classical Hanle angle Q also, following the identification done in BS99, namely,
This identification ensures that the classical Hanle angles for the emission process also depend on the multipole index K, unlike in BS99 and Paper I. Using equation (C22), we may rewrite equation (32) in terms of irreducible tensors of LL04 (dropping the L on the irreducible tensor) as
The above equation is the same as equation (3), which thereby establishes the equivalence between the classical and quantum expressions in the case of type III redistribution. In equation (3), the Hanle angles are implicitly contained inside the branching ratios (see eqs.
[10], [11], [13] , and [14]).
Redistribution of Type II
We now consider the redistribution of type II in order to show the equivalence between the classical and QED expressions in the atomic frame. Using equation (28), we may rewrite the term in the bottom square bracket of equation (24) as
Again, in the above equation we replace Àq by M, Àq 0 by M 0 , as well as Q by ÀQ (since Q ¼ q À q 0 ), and use the properties of 3-j symbols (see LL04, p. 38). The resulting equation is then compared with the right-hand side of equation (5), so that we may rewrite equation (34) as
We note that the factor (À1) (5) is unity, since Q ¼ M À M 0 (and M and M 0 are always integers for the triplet case). As mentioned before, w
in the triplet case. Thus, we may rewrite equation (24) in terms of the irreducible tensors of LL04 (dropping the L on the irreducible tensor and remembering that Q should be changed to ÀQ) as
The above equation is exactly the same as equation (2), which thereby establishes the equivalence between the classical and quantum expressions in the case of type II redistribution. Once again, it is necessary to remember that in equation (2) the Hanle angles are implicitly built into the branching ratios (see eqs.
[10] and [11]).
NUMERICAL EVIDENCE FOR THE EQUIVALENCE OF THE CLASSICAL AND QUANTUM REDISTRIBUTION MATRICES
In the previous sections we established the analytical correspondence between the classical and QED expressions. In the present section we demonstrate numerically the equivalence by making PRD diagrams which are similar to those presented in B97b. For this purpose we use the same input parameters as in B97b. Note that the explicit expressions for the redistribution matrix derived in Paper I (from classical theory) as well as in the present paper (from QED theory of B97b) refer to scattering in the MRF (see Fig. 1 ). However for comparison with observations, the Stokes profiles need to be presented in an atmospheric reference frame. In the present paper, the singlescattered Stokes profiles are computed for an arbitrary orientation of the magnetic field with respect to the polar Z-axis, which is chosen along the vertical direction in the atmosphere. We refer to such a geometry as the atmospheric reference frame (ARF; see Fig. 2 ). The transformation between the MRF and ARF is described in Appendix D.
The magnetic field is characterized by the Hanle À parameter in the quantum calculations, while in the classical calculations it is characterized by the parameter v H (i.e., the magnetic shift from the line center in Doppler width units). The two parameters are related through
where a R ¼ À R /(4Á D ), which is related to the total damping parameter a of equation (8) through
The classical analog of equation (8) is
Comparing equations (8) and (39), we see that ¼ À R þ À I and c ¼ À E . In the numerical computation we give as input model parameters the ratios À E /À R and D (K ) /À R and scattering parameter [=À I /( À I þ À R )]. The branching ratios A and B (K) can be expressed in terms of and the ratios of the collision rates mentioned above.
Most of the figures presented in B97b have been computed for the absence of inelastic collisions (i.e., À I ¼ 0, which implies ¼ 0) and depolarizing collision rate D (K) ¼ 0, while the elastic collision rate À E ¼ c is chosen as a free parameter. Even though this choice is physically inconsistent (since À E is always proportional to D (K) for K ¼ 1; 2), we employ it for the purpose of mathematical comparison with PRD benchmark diagrams presented in B97b. Unless otherwise stated we present our results for the same choice of branching ratios as in B97b. Thus, À R ¼ and
In the absence of inelastic collisions, the classical Hanle angles can be computed using (see eqs.
[6] and [7] of Paper I)
In equation (44) one can clearly see the correspondence between the classical ''Hanle angle qÀq 0 '' and the quantum ''Hanle parameter À,'' both of which are related to the field strength. In order to numerically prove the equivalence between our classical theory expressions with those of QED, we have reproduced Figures 1-7 of B97b, which refer to angle-dependent PRD. The classical PRD diagrams are found to agree in all details with those obtained from QED. Here we choose to illustrate only the reproduction of Figure 14 in B97b, which refers to the interesting case of Rayleigh scattering in strong fields (see x 6 of B97b), with the field strength given by v H ¼ 3. The following is the set of standard model parameters chosen to compute the results shown in Figure 3 : damping parameter a ¼ 10 À3 , Hanle parameter À ¼ 1, inelastic collision rate À I ¼ 0 (purely scattering medium), depolarizing collision rate D (K ) ¼ 0, and scattering parameter ¼ 0 (as follows from À I ¼ 0). The magnetic field is chosen to be oriented along the scattered ray. This choice (# B ¼ #, ' B ¼ ') corresponds to the maximum impact of the Hanle effect on line scattering. The Stokes parameters for a single-scattering event are simply given by the first column of the redistribution matrix.
In the geometry considered for all the illustrations in B97b (magnetic field along the line of sight), V /I is very small (nearly zero) as long as the magnetic field is very weak, but for a longitudinal field as strong as v H ¼ 3, the ratio V /I is very large. However, the V /I profile for this particular case is not presented in B97b. In Figure 3 we reproduce Figure 14 of B97b and in addition present the V /I profile. The surface plots of (log I; ÀQ/I; V /I ) in Figure 3 show the (x; x 0 ) dependence of the first column of the actual redistribution matrix. The contour plot below each surface plot depicts the so-called two-dimensional domain structure in the (x; x 0 )-space. These contours are expected to be lines of constant values of (log I; ÀQ/I; V /I ) at selected contour levels. We would like to recall that our definition of ''positive Q-direction'' differs from that of B97b, whose (Q/I; U /I ) plots differ from our plots only in the sign and not in magnitude. This simply arises due to our particular choice for the definition of the angles and 0 in the MRF (see x 2.1 and Fig. 1 ).
HANLE-ZEEMAN SCATTERING FOR AN UNPOLARIZED INCIDENT FLAT SPECTRUM
In the present section we discuss how an atom immersed in a radiation field that is frequency independent across the spectral line produces line polarization through Hanle-Zeeman line scattering. We choose the magnitude of the incident intensity to be unity. Integration over x 0 can then readily be done. Branching ratios are chosen in such a way that we cover both the regimes of ''purely coherent'' and the ''completely noncoherent'' scattering. In contrast to B97b, who gives the total damping parameter a as input, we prefer to give the radiative damping parameter a R as input. It is indeed advantageous to keep a R fixed for a given line, whose total damping width then changes depending on the rate of elastic collisions, given by the ratio À E /À R . As in B97b, we assume the inelastic collision rate to be zero (i.e., a pure scattering medium). The elastic collisions only change the correlations between the incident and scattered photons, but do not induce a transition.
In Figure 4 we show the 3; 90 ; 0; 1; 0) . This combination of parameters corresponds to an equal mix of both R III and R II type redistribution (since A ¼ 0:5). U /I is zero for the geometry chosen by us. V /I stays within the range (À1,+1), although we employ a z-scale (À3,+3) in order to avoid overlapping of surface and contour plots. The magnetic field is along the line of sight.
parameter v H . The parameters chosen are the same as in Figure 3 of Stenflo (1998) . The Hanle À parameter corresponding to various values of v H are (0:1; 0:5; 2:5; 12:5; 62:5; 125; 312:5), spanning a dynamic range of 3125, between the highest and lowest field strengths. Figure 4a corresponds to a pure R II type scattering ( À E /À R ¼ 0), and Figure 4b to an equally mixed R II and R III type scattering (À E /À R ¼ 1). Figure 4c corresponds to the case of À E /À R ¼ 999, i.e., the almost pure R III type scattering. Since the effect of collisions is more clearly visible in the fractional polarization profiles, we present them instead of the Stokes parameters themselves.
The scattered polarization profiles in Figure 4a (for A ¼ 1) resemble the corresponding profiles of Figure 3 of Stenflo (1998) . Indeed, the ( Q/I; U /I; V /I ) profiles closely agree with his results throughout the line profiles. This is not surprising, because Figure 3 of Stenflo (1998) assumed pure coherent scattering in the LF, which is a good approximation to the pure R II type scattering especially in the line wings. Figure 4b refers to the case of an equal mix of R II and R III type scattering. We note that the I and V /I profiles do not differ from those of pure R II type scattering. The fractional polarizations Q/I and U /I in the line core region jxj 2 resemble the corresponding profiles of the pure R II case. However, in the line wing there is a substantial difference as compared with Figure 4a . Clearly, Q/I does not approach unity, and U /I is nonzero in the wing (showing that the scattering does not approach the Rayleigh limit for which Q/I ¼ À1 and U /I ¼ 0). We refer to this Q/I 6 ¼ À1 and U /I 6 ¼ 0 in the wings of a pure line case (without the presence of continuum absorption and scattering) as the wing Hanle effect-arising due to an elastic collision transferring the Hanle rotation from the line core to the line wing, before an inelastic polarization-destroying collision intervenes. This transfer of coherence is most effective when À E /À R ¼ 1 (see Fig. 7 of Nagendra et al. 2002) . In other words, in the presence of a small number of elastic collisions, the Hanle effect does not vanish in the line wings, contrary to the standard assumption (employing a Rayleigh phase matrix for jxj partial redistribution in Hanle scattering. The present single-scattering calculations based on a more general Hanle-Zeeman scattering matrix confirm this prediction. Figure 4c refers to the case of almost pure R III type scattering (À E / À R ¼ 999). The total damping parameter corresponding to this case is a ¼ 4 (see eq.
[38]). Clearly, this corresponds to a regime of extremely large line broadening, which shows up in all the Stokes profiles. As a result, the triplet structure is no longer visible even when v H ¼ 2:5 (see the thin long-dashed line in Fig. 4c ). For the same reason, the magnitude of I is an order of magnitude smaller than in Figures 4a and 4b . The magnitudes of the fractional linear polarizations (of both Q/I and U /I ) remain nearly constant through the entire line profile. This occurs due to the extreme dominance of collisional line broadening (principally through R III ), which produces similarly shaped (I; Q; U ) scattered profiles, except for different scaling factors. V /I is strongly reduced once again due to the line broadening.
CONCLUDING REMARKS
In the present paper we have explicitly demonstrated (for a J ¼ 0 ! 1 ! 0 transition) the equivalence between the Hanle-Zeeman redistribution matrices that are derived through QED and those derived through classical, time-dependent oscillator theory. To establish this equivalence, we have appropriately extended the classical scattering theory developed in Stenflo (1994) and Bommier & Stenflo (1999) . This generalization involves an expansion of the redistribution matrix R in terms of its multipole components R (K) . It requires the use of irreducible spherical tensors T K Q as described in LL04. The equivalence includes all the intricately coupled PRD correlations in frequency, angle, and polarization between the incoming and outgoing wave packets of the scattering process, and it holds for all strengths and directions of the magnetic field. In view of the rich symmetries and complex mathematical behavior of the general redistribution matrix, this equivalence is remarkable and may have a deeper meaning.
The Hanle-Zeeman redistribution matrix refers to scattering in magnetic fields of arbitrary strength and orientation. For simplicity, we consider a pure scattering medium (À I ¼ 0), although the formulation can handle both elastic and inelastic collisions. We have explored the dependence of the line polarization on field strength and on the relative rate of elastic collisions À E /À R . Usually, the efficiency of the Hanle effect is confined to the line core. However, under the natural conditions of a mix of R II and R III type redistributions, the coherence (caused by the anisotropy of the radiation field) is transferred from the line core to the line wings due to the elastic collisions. This results in enhanced linear polarization (Q/I; U /I ) in the line wings. We call it the ''wing Hanle effect.'' It is particularly pronounced in the case of angle-dependent partial redistribution (Nagendra et al. 2002 (Nagendra et al. , 2003 .
We have now formulated and explored the detailed behavior of the Hanle-Zeeman redistribution matrix for single-scattering processes. Our next step is to integrate it into a radiative transfer formalism to be able to deal with polarized multiple scattering in opaque magnetized media. This is the tool we need for making use of the rich diagnostic potential of the Second Solar Spectrum (see Stenflo 2004 ) and for determinations of chromospheric magnetic fields. (27) and (28) (dropping the arguments) for different combinations of K 00 , K 0 , and Q:
We further note that
The È K 00 ; K 0 ÀQ; II are obtained using the conjugation property
For type III redistribution, to simplify the notation, we introduce the new functions
expressed in terms of HH and FF type magnetic redistribution functions, respectively, and
expressed in terms of the corresponding HF and FH type magnetic redistribution functions. Various combinations of these functions are used in the quantities
We now list below the functions È 
The auxiliary functions h 
APPENDIX B THE AUXILIARY COEFFICIENTS AND PHASE MATRICES RELATED TO THE REDISTRIBUTION MATRIX R

III
Here we list the various auxiliary coefficients and matrices appearing in equations (17)- (19) of the text. Using the various quantities defined in equation (A6), we can define the coefficients
Similarly, we can define another set of coefficients
Next we introduce some intermediate phase matrices with angular factors 
Here E ij denotes a matrix that has a single element E ij ¼ 1, while all the remaining elements are zero. Note that the matrices C 0 0 , C 2 þ , and S 2 þ are the same as those introduced in Stenflo (1998) and were also used in Paper I.
APPENDIX C PROCEDURE TO INCLUDE IRREDUCIBLE SPHERICAL TENSORS
IN THE CLASSICAL THEORY OF STENFLO (1994) In this appendix we describe how to expand the classical expressions in S94 in terms of the irreducible spherical tensors of Landi Degl'Innocenti (1984; see also LL04) and show this explicitly for the special case of the weak field Hanle effect.
We note the following similarities or differences between the classical formalism of S94 and that of LL04. The elements of the coherency matrix of S94 (see his eq. [2.33]) are equivalent to the complex conjugate of the polarization tensor (E Ã i E j ) of LL04 (see their eq. [1.14]), where E is the electric field. In both cases the starting point is the classical oscillator equation, from which the electric vector of the scattered radiation is derived. LL04 determines the polarization tensor, which is then converted to the Stokes representation. In contrast, S94 finds the Jones matrix, from which the Mueller scattering matrix is obtained. Both approaches use geometric factors (as referred to by S94) or direction cosines (as referred to by LL04). LL04 names them C i ¼ u = e Ã i , where u are complex spherical unit vectors corresponding to the unit vectors that are parallel to the components of the vector magnetic field, and e i are reference directions for the ray. S94 names these geometric factors " q ¼ e = e q , where e q are complex spherical unit vectors corresponding to the unit vectors that are parallel to the magnetic field, while e are linear unit polarization vectors.
For a magnetic field oriented along the polar Z 0 -axis, the expression for the geometric factors or direction cosines are given in equation (3.86) of S94 and unnumbered equations above equation (5.96) of LL04 (p. 187). Clearly, C i and " q differ simply by a complex conjugation.
In order to introduce an irreducible tensor T K Q similar to that introduced by LL04 in the classical formalism of S94, we need to first introduce the reducible spherical tensors E0 and T0 , following LL04 (see their eqs. 
Thus, we can rewrite the electric field of the scattered radiation given in equation (3.84) of S94 as (dropping the constants)
where n q denotes the refractive index induced by the vector component q of the vibration and E 0 is the electric field of the incident radiation. For the linear polarization unit vectors, LL04 choose
where e a (n); e b (n); n ½ form a right-handed coordinate system about the outgoing ray and similarly a primed system for the incoming ray. We note that equation (C2) is written in the basis defined in equation (C3), so that the indices ; take values AE1. Now, the elements of the coherency matrix may be written as 
In the above equation the factor 3/2 is the normalization constant (see S94).
To deduce the scattering phase matrix P for the Stokes parameters we need the relation between the Stokes parameters S i , with i ¼ 0; 1; 2; 3, and the coherency matrix corresponding to the unit vectors from equation (C3). This relation can be obtained using the equality
because the total electric vector should remain the same in both the bases. Using the above equation, we obtain the following expressions for the Stokes vector in terms of the coherency matrix elements in the new basis as
In other words, we may write
and the inverse relation
where s i are given by
